Ternary Al x Ga 1Àx N films with different Al compositions were synthesized on sapphire and Si substrates by pulsed laser co-ablation of a polycrystalline GaAs target and a metallic Al target in nitrogen plasma generated by electron cyclotron resonance discharge of N 2 gas. Spectroscopy was used to characterize the synthesis process for the mechanisms responsible for Al x Ga 1Àx N synthesis and film deposition. The synthesized Al x Ga 1Àx N films were evaluated using field emission scanning electron microscopy, atomic force microscopy, X-ray diffraction, Fourier-transform infrared spectroscopy, Raman scattering spectroscopy, transmission electron microscopy and optical transmission measurements. The Al x Ga 1Àx N films have hexagonal wurtzite structure, which degenerates as the Al composition increases, and show high optical transparency with the absorption edge blue shifted and the bandgap widened with the increasing Al composition. A comparison of the synthesized Al x Ga 1Àx N films with the binary GaN and AlN films synthesized by a similar method reveals their similarity in the structure and the optical properties.
Introduction
Successful applications of direct bandgap semiconducting IIInitrides in optoelectronics and integrated circuits are largely attributed to the capability of energy-band engineering through composition regulation. 1, 2 Ternary Al x Ga 1Àx N and In x Ga 1Àx N alloys have tunable direct bandgaps from 0.75 eV (InN) to 6.2 eV (AlN). 3, 4 Their superior properties have been demonstrated in light emission covering the spectral region ranging from infrared (IR) to ultraviolet (UV), excellent thermal conductivity and hardness and high resistance to chemicals, which make the III-nitrides promising for potential applications in light-emitting diodes, 2,5 photodetectors and field effect transistors. [6] [7] [8] To date, Al x Ga 1Àx N alloys can be synthesized by various methods including metal-organic chemical vapor deposition (MOCVD) 9, 10 and molecular beam epitaxy (MBE). [11] [12] [13] For most methods, however, a high growth temperature is usually required, which will induce undesirable effects such as thermal strains and defects in the grown films, chemical reactions at the interfaces, as well as the deterioration of substrates or pre-buried layers. Therefore, approaches employing lower growth temperatures are preferred. In addition, the composition regulation of ternary Al x Ga 1Àx N systems has been a rather tough issue so far. When using MOCVD or MBE, for example, it is usually difficult in getting appropriate partial pressures of Al-and Ga-containing sources to synthesize Al x Ga 1Àx N with controllable compositions. Pulsed laser deposition (PLD) has been established as a versatile technique for preparing various thin films. 14, 15 It is possible to reduce the growth temperature by means of this technique, since the average energy of the laser ablated species is considerably high. It is also convenient to control the quantity of target material transferred to the growing film by adjusting the laser energy density or the pulse repetition rate. When PLD is performed in a reactive gaseous environment, in addition, the ablated species undergo a reactive expansion, and hence compound films can be synthesized through reactive deposition. PLD can also be combined with other techniques or assisted by other sources such as plasma and ion beams, forming PLD-based hybrid methods. 14 In particular, reactive plasmas composed of multiple reactive species are very effective to assist reactive synthesis of various materials in a broad range of composition, structure and dimensionality. 14, 16, 17 The epitaxial growth of GaN films has been achieved by laser ablation of the Ga target in a radio-frequency plasma ambient. 18 The same group also reported the growth of high quality AlN films by PLD assisted with nitrogen plasma. 19 We have previously demonstrated an alternative approach to the low-temperature synthesis of high Al composition ternary Al x Ga 1Àx N by pulsed laser co-ablation of a polycrystalline GaAs target and a metallic Al target with the assistance of nitrogen plasma generated by electron cyclotron resonance (ECR) microwave discharge of N 2 gas. 20 In the present work, the variation of the Al composition in Al x Ga 1Àx N and hence the bandgap modulation of Al x Ga 1Àx N were realized by simply varying the repetition rate of the laser pulses ablating the Al target. Compositional analysis, structural characterization and optical measurements were performed for the synthesized Al x Ga 1Àx N films having varied Al composition x and were compared with the corresponding characteristics of binary AlN (x = 1) and GaN (x = 0) films synthesized by single target ablation of Al or GaAs. The synthesis process was spectroscopically characterized by monitoring and analyzing the optical emission from the plasma formed during the synthesis of Al x Ga 1Àx N and the mechanisms responsible for the preparation of Al x Ga 1Àx N films were discussed.
Experimental details

Sample preparation
The equipment and the method used for sample preparation have been described previously, 20 except that the two laser beams were delivered using two frequency-doubled Q-switched Nd:YAG lasers which were controlled separately in the present work. In the environment of nitrogen plasma generated by ECR microwave discharge of pure (99.999%) N 2 gas using a 2.45 GHz microwave, a polycrystalline GaAs target and a metallic Al target were ablated simultaneously using two focused laser beams (wavelength: 532 nm; pulse width: 5 ns). The laser beams were incident on the target surfaces at an angle of 451 with a spot size of about 1 mm 2 and a laser fluence of about 3 J cm
À2
. The laser used for GaAs ablation worked at a constant repetition rate of 10 Hz, while the repetition rate of the other laser for Al ablation could be adjusted from 1 to 10 Hz, providing a varied amount of Al for the growing film and hence synthesizing ternary Al x Ga 1Àx N films having different Al compositions with the assistance of the nitrogen plasma. Binary GaN and AlN films were also synthesized when one of the laser beams was blocked and only the GaAs target or the Al target was ablated using a pulsed laser beam with a 10 Hz repetition rate. Polished Si(100) wafers and double side polished c-plane sapphire wafers were used as the substrates after being carefully cleaned and placed 45 mm away from the laser-irradiated spots. The surface of sapphire plates was first nitridized by irradiating with the nitrogen plasma stream for 5 min prior to film deposition. All films were deposited for 1 hour. The deposited films were annealed at 800 1C in a flowing N 2 atmosphere (B10 5 Pa) for 1 hour.
In this paper, the annealed GaN film deposited by ablating the GaAs target, the annealed Al x Ga 1Àx N films deposited by co-ablating the GaAs and Al targets with the laser ablating the Al target working at 1, 5 and 10 Hz, and the annealed AlN film deposited by ablating the Al target are denoted as samples A, B, C, D and E, respectively.
Optical emission measurements
For the spectroscopic study on the process of Al x Ga 1Àx N synthesis, optical emission of the plasmas generated by ECR discharge and pulsed laser ablation was monitored. The plasmas were imaged onto an UV-Vis optical fiber bundle (Acton Research, ILG-455-020-1) using a light collecting lens. The optical emission of the plasmas was transmitted to the entrance slit of a 0.5 m spectrometer (Acton Research, Spectra Pro 500i), resolved using the spectrometer and recorded using a gated intensified charge coupled device (ICCD) (Princeton Instruments, PI-Max 1KRB-FG-43) which was mounted on the exit port of the spectrometer. Time-integrated spectra were recorded by accumulating 100 times with a gate width of 6 ms.
Sample characterization
The sample morphology was examined by field emission scanning electron microscopy (FESEM) using a Hitachi S-4800 microscope and atomic force microscopy (AFM) using a Shimadz SPM-950013 scanning probe microscope working in the AFM dynamic mode. The sample composition was determined by energy dispersive X-ray spectroscopy (EDXS) using a Philips XL30FEG* SEM operating at an accelerating voltage of 30 kV and equipped with an EDAX EDX detector. The sample structure was characterized by X-ray diffraction (XRD) using a Rigaku D/max-g B X-ray diffractometer with a rotating anode operating at 40 kV and 300 mA and Nifiltered Cu Ka radiation (l = 0.15406 nm). The structure was also characterized through the analysis of vibration modes by means of Fourier-transform infrared (FTIR) spectroscopy and Raman backscattering spectroscopy. FTIR measurements were carried out using a Nicolet Nexus 470 spectrometer. Raman measurements were performed using a Jobin-Yvon HR-Evolution confocal micro-Raman spectrometer with a 325 nm He-Cd laser beam for efficient resonance excitation of the samples. The transmission spectra were recorded for the films deposited on sapphire substrates using an ultraviolet-near infrared (UV-near IR) spectrophotometer (UV-3000, Hitachi) for optical characterization.
To locally analyze the microstructure of the synthesized films, transmission electron microscopy (TEM) investigations were performed using an image-corrected Titan 80-300 microscope (FEI) at an accelerating voltage of 300 kV. Besides bright-field TEM imaging at medium magnification and high-resolution TEM at enhanced magnification, selected area electron diffraction (SAED) was used to characterize the microstructure of the films. Since the smallest available selected area aperture of 10 mm covers a circular area with a diameter of about 190 nm, glue may contribute to the SAED patterns recorded. Prior to each TEM analysis, the specimen mounted in a double tilt analytical holder was placed for 10 s into a Model 1020 Plasma Cleaner (Fischione) to remove organic contamination. Classical crosssectional TEM specimens were prepared by sawing, grinding, dimpling, and final Ar ion milling.
Results and discussion
3.1 Plasma emission and Al x Ga 1Àx N synthesis ECR discharge of the working N 2 gas resulted in the activation of the N 2 gas and the formation of a reactive nitrogen plasma containing highly excited nitrogen species including nitrogen molecules and molecular ions. 21, 22 The ablation of the Al and GaAs targets generated an aluminum plume containing energetic aluminum atoms and atomic ions ablated from the Al target and a gallium-arsenic plume containing energetic gallium and arsenic atoms and atomic ions ablated from the GaAs target. The presence of excited nitrogen molecules and molecular ions, energetic aluminum, gallium and arsenic atoms and atomic ions is confirmed by optical emission measurements. Fig. 1 illustrates a typical time-integrated spectrum taken from the plasma generated by the ECR discharge of N 2 gas and co-ablation of the Al and GaAs targets using two synchronized 10 Hz pulsed laser beams. In addition to the emission lines from monoatomic aluminum, gallium and arsenic atoms and atomic ions, the emission bands of diatomic nitrogen molecules and molecular ions are clearly resolved in the spectrum, indicating that the nitrogen gas was highly excited. The highresolution spectra in the insets of Fig. 1 show the fine structures of the emission bands of diatomic nitrogen molecular ions and the emission lines of monoatomic atoms and ions. Nitrogen was first excited by ECR discharge, and its excitation was further enhanced by the fast expansion of the ablation plumes. 22 The ablation plumes underwent a highly reactive expansion in the reactive environment of the nitrogen plasma. During their travel in the reactive nitrogen plasma, the energetic ablated target species reacted with the excited nitrogen species at high rates, forming gaseous nitride precursors. Meanwhile, the surface of the substrate as well as the growing film was concurrently bombarded by the low-energy nitrogen plasma stream, enhancing the reactions between the reactive nitrogen species and the ablated target species arriving at the film surface.
From a thermodynamic point of view, AlN and GaN are more stable than arsenic nitrides, the reactive nitrogen species are thus expected to react preferentially with aluminum and gallium. 23 Moreover, the negative enthalpies for the formation of AlN and GaN are higher than that of GaAs. 24, 25 Therefore, the aluminum and gallium atoms and ions in the plumes reacted exclusively with the reactive nitrogen species present in the nitrogen plasma at high rates, forming Al x Ga 1Àx N precursors for Al x Ga 1Àx N film deposition. In addition, the bombardment of the film surface by the nitrogen plasma stream also induced the breaking of the Ga-As bonds adsorbed on the surface, as in the case of plasma nitridation of the GaAs surface for GaN formation. 23 As a result, arsenic was excluded in the synthesis of Al x Ga 1Àx N films, a situation somewhat similar to the deposition of GaN films by reactive sputtering the GaAs target, 24 or by laser ablating the GaAs target in nitrogen plasma. 26 
Morphology and composition
The synthesized Al x Ga 1Àx N films including GaN (x = 0) and AlN (x = 1) films deposited on Si and sapphire substrates show a smooth surface appearance and are stable and adherent to the substrates. films and gives root mean square (RMS) values of surface roughness in the range between 0.8 and 1.0 nm over the 1 mm Â 1 mm area for the as-grown films, whereas the average RMS value of the annealed films slightly increases to about 1.5 nm. As representatives, typical AFM images taken from sample D are shown in Fig. 3 . The EDXS patterns of the films deposited on Si substrates are shown in Fig. 4 , from which the Al compositions in Al x Ga 1Àx N samples B, C and D were determined to be about 0.14, 0.27 and 0.57, respectively, as shown in the inset of Fig. 4 . The synthesized Al x Ga 1Àx N films are slightly rich in N with about 52 at% of nitrogen. It is also found that the AlN and GaN films are also non-stoichiometric and slightly nitrogen rich. In addition, the method was demonstrated to be capable of synthesizing Al x Ga 1Àx N films with different Al compositions by simply changing the repetition rate of laser ablating the Al target. The Al composition in Al x Ga 1Àx N can also be adjusted by varying the laser fluence on the Al target. The Al compositions in Al x Ga 1Àx N films B, C, and D were thus determined to be 0.11, 0.29 and 0.52, respectively, consistent with the EDXS results. It also seems that the incorporation of Al results in the degradation of the crystal structure, as suggested by the reduction in the diffraction intensity and the broadening in the diffraction width. Fig. 6 shows the FTIR transmission spectra of the samples synthesized on Si substrates. The spectra in Fig. 6 have been background corrected for the Si substrate and only weak absorption attributed to the Si-O-Si stretching vibration remains near 1100 cm
À1
. It can be seen that the principle IR absorptions of the GaN and AlN films appear at about 556 and 680 cm
, respectively. The former absorption is attributed to the E 1 symmetry with transverse-optical (TO) phonons E 1 (TO) of wurtzite GaN 30, 31 and the latter one to that of wurtzite AlN. [30] [31] [32] [33] The characteristic absorptions of hexagonal wurtzite GaN and AlN confirm the hexagonal wurtzite structure of the GaN and AlN films. The ternary Al x Ga 1Àx N films have higher frequencies of absorption assigned to the E 1 (TO) mode than the GaN film has, with blue shifts of about 2, 12 and 24 cm À1 , respectively, for samples B, C, and D compared with E 1 (TO) absorption of the GaN film. The blue shift in the characteristic IR absorption could be associated with the increase of Al composition in Al x Ga 1Àx N. 34 Therefore, the FTIR analysis indicates that the synthesized ternary Al x Ga 1Àx N films exhibit the IR features of the single ternary Al x Ga 1Àx N phase. Raman scattering measurements provide another evidence for the hexagonal wurtzite structure and the single phase of the synthesized Al x Ga 1Àx N films. Hexagonal wurtzite structure has six Raman active phonon modes. 30, 33, 35, 36 The Raman modes of GaN can be efficiently excited by 325 nm laser light whose photon energy is resonant with the electronic interband transition of wurtzite GaN, especially those modes correlated with longitudinal-optical (LO) phonons. , which are attributed to the polar symmetry modes A 1 (LO) and E 1 (LO) and their overtones 37 (indicated by GaN LO and GaN 2LO in Fig. 7 ). In addition, a weak scattering near 575 cm À1 is resolved in the Raman spectrum of the GaN film, which can be assigned to the E 2 (high) mode of GaN. The one-and two-phonon scattering processes associated with the GaN A 1 (LO) and E 1 (LO) modes as well as with the GaN E 2 (high) mode are also observed for the films containing Al, but with an evident blue shift in vibration frequencies which increases as the Al composition increases. This vibrational blue shift results from the incorporation of Al into the films. In addition, one can see a reduction in scattering intensity and a widening in scattering width with the increasing Al composition, also indicating the structure degeneration due to the Al incorporation. TEM analysis was conducted to examine the crystalline structure of Al x Ga 1Àx N films grown on sapphire substrates. As a representative example, the results obtained for sample D before and after annealing are shown in Fig. 8 . The bright-field TEM micrograph in Fig. 8(a) shows a dense structure of the 170 nm thick as-grown Al x Ga 1Àx N film. From the SAED pattern which was recorded from a circular area with 190 nm diameter (white circle in Fig. 8(a) ) covering the layer cross-section and partially some glue used for TEM specimen preparation, it can be concluded that the as-grown Al x Ga 1Àx N film is of hexagonal wurtzite structure as displayed by the diffraction rings which were modeled using the software package JEMS (the inset of Fig. 8(a) ). To display the Al x Ga 1Àx N-sapphire interface quality, high-resolution TEM micrographs were taken, as shown in Fig. 8(b) and (d), particularly the bottom right insets. Evaluating the layer microstructure by Fourier transformation in direct vicinity to the interface hints that the growth of Al x Ga 1Àx N crystallites with preferred (0002) orientation parallel to the surface normal is discernable (top right inset in Fig. 8(b) ). However, closer to the layer surface, the crystallites in the as-grown layer are more randomly distributed which is reflected in the SAED pattern in Fig. 8(a) . Heat treatment of the sample leads to a sharpening of the texture relationship between the Al x Ga 1Àx N film and the sapphire substrate, as indicated by the diffractogram in the top right inset of Fig. 8(d) . Additional reflections in the SAED pattern in Fig. 8(c) are due to the random growth of monoclinic Ga 2 O 3 crystallites on the layer surface during annealing.
Optical properties and bandgap
The ternary Al x Ga 1Àx N films synthesized on sapphire substrates exhibit almost the same morphology and structure as those on Si substrates, so do the binary GaN and AlN films. The synthesized films on sapphire were then submitted for optical transmission measurements in the wavelength region ranging from 190 to 900 nm. All the films exhibit high transmittance in the visible and near IR regions, especially the AlN film which has a transmittance higher than 90% and whose transmission spectrum has a steep decline at around 220 nm with an absorption edge near 200 nm, as shown in Fig. 9 . Al x Ga 1Àx N films B, C, and D have their absorption edges at about 350, 310 and 280 nm, respectively, located between the absorption edge of the AlN film and that of the GaN film as expected.
The absorption coefficient a can be determined from the recorded transmission spectra using a= Àln(T)/t with film thickness t. The inset of Fig. 8 displays the relationship of (ahn) 2 versus hn near the bandgaps of these films, where hn is the photon energy. It is obvious that these relationships show a linear dependence on hn near the absorption edge, indicating the direct energy bandgaps of the synthesized films. By extrapolating the linear part of the (ahn) 2 versus hn plots to the photon energy axis, the bandgaps of samples A, B, C, D and E were calculated to be 3.4, 3.6, 4.0, 4.5 and 5.9 eV, respectively, shifting toward the high-energy side with increasing x, with the calculated bandgap of AlN somewhat smaller than the reported value for AlN. 38, 39 The nonlinear dependence of the energy bandgap on the Al composition can be described by a parabolic form [40] [41] [42] [43] 
where b is the bandgap bowing parameter, and E g (Al x Ga 1Àx N), E g (AlN) and E g (GaN) are the bandgaps of Al x Ga 1Àx N, AlN and GaN, respectively. However, there is no consensus about the bowing parameter for Al x Ga 1Àx N alloys. The dispersion of bowing parameters reported in the literature extends from À0.8 eV (upward bowing) to +2.6 eV (downward bowing). [41] [42] [43] [44] Taking the calculated bandgap of GaN as E g (GaN) = 3.4 eV and that of AlN as E g (AlN) = 5.9 eV, we plot in Fig. 10 the deviations of the bandgap from linearity with x for Al x Ga 1Àx N obtained from the EDXS and XRD measurements and the parabolic compositional dependence. Here, the deviation of the bandgap from linearity is equal to E g (Al x Ga 1Àx N) À xE g (AlN) À (1 À x) E g (GaN). It can be seen from Fig. 10 that all the data calculated whether from EDXS or from XRD in the present work lead to the bowing parameter locating between b = +0.7 and +1.3 eV. When using the lattice parameters calculated from XRD to determine the alloy compositions according to Vegard's law that the lattice parameters of Al x Ga 1Àx N vary linearly with x, we can see that the bowing parameter b is approximately 0.7 eV by comparing the deviation data, especially for Al x Ga 1Àx N with low Al compositions (x o 0.5). For high Al compositions (x 4 0.5), the bandgap bowing parameter deviates slightly, tending to larger bandgap bowing.
Conclusions
In the reactive environment of nitrogen plasma generated by ECR discharge and with the assistance of the nitrogen plasma, ternary Al x Ga 1Àx N films were synthesized by the pulsed laser co-ablation of GaAs and Al targets and the variation of the Al composition was realized by simply varying the repetition rate of the pulsed laser beam ablating the Al target. The ternary Al x Ga 1Àx N films as well as binary GaN and AlN films appear with smooth surface and dense structure and are hexagonal wurtzite in crystal structure which tends to degenerate as the Al composition increases. The synthesized films show high optical transparency with the absorption edge of the Al x Ga 1Àx N films locating between those of GaN and AlN films. The bandgaps of the films having Al compositions x = 0, 0.11, 0.29, 0.52 and 1 were determined to be 3.4, 3.6, 4.0, 4.5 and 5.9 eV, respectively. The optical emission of the plasma generated by ECR discharge of N 2 gas and co-ablation of the GaAs and Al targets is rich in the emission bands of nitrogen molecules and molecular ions and the emission lines of aluminum, gallium and arsenic atoms and atomic ions. ECR discharge activated the N 2 gas and generated the reactive nitrogen plasma. The energetic Al and Ga atoms and ions ablated from the Al and GaAs targets traveled through the nitrogen plasma and reacted with the excited nitrogen species in the nitrogen plasma, forming Al x Ga 1Àx N precursors. The bombardment of the film surface by the low-energy plasma stream enhanced the formation of Al x Ga 1Àx N and the growth of Al x Ga 1Àx N films.
